Rationale The Iowa Gambling Task (IGT) can be used to quantify impulsive and risky choice behaviors in psychiatric patients, e.g., bipolar disorder (BD) sufferers. Although developing treatments for these behaviors is important, few predictive animal models exist. Inhibition of the dopamine transporter (DAT) can model profiles of altered motor activity and exploration seen in patients with BD. The effect of DAT inhibition on impulsive choices related to BD has received limited study however. We used a rodent IGT to elucidate the effects of similarly acting drugs on risky choice behavior. Objectives We hypothesized that (1) C57BL/6 mice could adopt the "safe" choice options in the IGT and (2) DAT inhibition would alter risk preference. Methods Mice were trained in the IGT to a stable riskpreference and then administered the norepinephrine/DAT inhibitor amphetamine, or the more selective DAT inhibitors modafinil or GBR12909. Results Mice developed a preference for the "safe" option, which was potentiated by amphetamine administration. GBR12909 or modafinil administration increased motor impulsivity, motivation significantly, and risk preference subtly. Conclusions The rodent IGT can measure different impulserelated behaviors and differentiate similarly acting BD-related drugs. The contrasting effects of amphetamine and modafinil in mice are similar to effects in rats and humans in corresponding IGT tasks, supporting the translational validity of the task. GBR12909 and modafinil elicited similar behaviors in the IGT, likely through a shared mechanism. Future studies using a within-session IGT are warranted to confirm the suitability of DAT inhibitors to model risk-preference in BD.
Introduction
Mania is a cardinal feature of bipolar disorder (BD), a debilitating psychiatric disorder affecting approximately 1 % of the US population for BD-I and BD-II combined (Merikangas et al. 2011) . Impulsive behavior is a critical aspect of mania and one of the diagnostic criteria according to the DSM-IV. Self-report questionnaires identify higher levels of impulsivity or poor risk assessment in depressed, euthymic, and manic phases of BD (Swann et al. 2008 (Swann et al. , 2009 , corroborated using laboratory-based assessments (Adida et al. 2011) . Treatment options for patients with BD, especially those directed at symptoms such as impulsivity and poor risk assessment, are limited and require development.
To quantify such impulsive aspects of mania and develop treatments, laboratory tests with real world translational validity are now being utilized. Such tests include the Iowa Gambling Task (IGT) (Bechara et al. 1994) , which measures decision-making for risk, choosing between "high yield/ high risk options vs. low risk/low yield options". In short, subjects in the IGT have to deduce and select the best of four options that vary in both the size and probability of reward and losses (Bechara et al. 1997 (Bechara et al. , 2005 (Table 1) . As the session continues, healthy subjects readily select the safe options after initially trying all decks (Bechara et al. 1999) , whereas patients with BD take longer to adopt this strategy irrespective of state (Adida et al. 2011; Clark et al. 2001) . Thus, the IGT quantifies the uncontrolled risk-taking trait of patients with BD across the spectrum of the disorder (Adida et al. 2011; Kim et al. 2006) . The IGT enables examination of the putative mechanisms underlying risk-taking behavior in BD mania by linking performance with self-report questionnaires (Adida et al. 2008; Yechiam et al. 2008) . The IGT can differentiate between clinical populations whereby BD patients take longer to adopt a safe strategy, substanceabusers learn at different rates (van der Plas et al. 2008) , and less clear impairments are observed in patients with schizophrenia (Sevy et al. 2007) .
To better understand these discrepancies and neurobiological underpinnings of risk-taking/gambling behavior, researchers have developed animal versions of the IGT (Homberg et al. 2008; Rivalan et al. 2009; van den Bos et al. 2006; Zeeb et al. 2009; see de Visser et al. 2011 ) for a review. These paradigms may facilitate development of therapeutics for risk-taking behavior and have already been used to study both dopaminergic (Zeeb et al. 2009 ) and serotonergic (Homberg et al. 2008; Zeeb et al. 2009 ) manipulations in rats. Based initially on the rat paradigm (Zeeb et al. 2009 ), we developed a mouse IGT to investigate the genetic underpinnings of performance (Young et al. 2011c) . In short, analogous to the human IGT, the rodent version presents the animal with a choice between four distinct options with different probabilities and magnitudes of expected gains and losses (Table 1) . Two options are ultimately advantageous, whereas the other two ultimately have a disadvantageous outcome. Motor impulsivity as measured by premature responses (before choice stimuli appear) and risk-taking behavior as measured by percentage advantageous choices (propensity of an animal to choose advantageous/safe options or disadvantageous/risky options) can be measured simultaneously in the rodent IGT (de Visser et al. 2011) . The rodent IGT therefore provides measurements of impulsive activity and impulsive choice, respectively (Evenden 1999) , the latter of which more closely resembles the choice/risk taking measured in the human IGT. Maximizing reward requires learning the gain/loss contingencies available and selecting safe options.
Dysregulation of dopaminergic homeostasis plays an important role in the mechanisms underlying mania in BD (Manji et al. 2003; Vawter et al. 2000) . Specifically, genetic linkage studies have identified abnormalities in the human dopamine transporter (DAT) in BD (Greenwood et al. 2001 (Greenwood et al. , 2006 Pinsonneault et al. 2011) . Such mutations lead to reduced cell surface expression of DAT in human cells (Horschitz et al. 2005) , corroborated by lower striatal DAT levels in unmedicated BD patients (Anand et al. 2011) . Consistent with reduced DAT functioning producing mania-like behavior, we observed that mice with reduced DAT functioning (via either genetic or pharmacological manipulation) exhibit complex exploratory profiles similar to those of acutely manic patients with BD in the crossspecies translational behavioral pattern monitor (BPM) Perry et al. 2009 Perry et al. , 2010 Young et al. 2007 Young et al. , 2010a ). In our recently described rodent IGT, we observed that DAT knockdown (KD) mice exhibited increased risk preference, both within the first session and across sessions (Young et al. 2011c) , providing further support for the DAT KD mouse as a model for mania. Besides genetic models, pharmacological agents have also been used to model BD. Traditionally, the non-selective DAT inhibitor amphetamine is a widely used pharmacological model of BD mania (Arban et al. 2005; Berggren et al. 1978; Frey et al. 2006; Gould et al. 2001) , despite having several limitations (Young et al. 2011a ). The more selective DAT inhibitor GBR12909 has also been investigated as a model of mania. In contrast with amphetamine, GBR12909 mimicked the behavioral exploratory profile of patients with BD mania as assessed by the BPM (Perry et al. 2009; Young et al. 2010a) .
The effects of amphetamine or GBR12909 have not yet been compared in the rodent IGT. Amphetamine reduced risk choice preference in the rodent IGT, leading to a more conservative choice strategy (Zeeb et al. 2009 ). Assessing the effects of amphetamine in mice may provide evidence of cross-species translational validity of the rodent IGT between rats and mice. Investigating the effects of GBR12909 in this paradigm will be useful to further determine the suitability of this treatment as a model of mania. Modafinil, a drug used to treat narcolepsy, also inhibits the DAT in rodents, monkeys, and humans (Madras et al. 2006; Volkow et al. 2009; Zolkowska et al. 2009 ) and can increase risk-taking in the human IGT (Zack and Poulos 2009) .
These DAT inhibitors may help in delineating (a) the effects of acute increases in extracellular dopamine levels on risk-taking behavior and (b) the pharmacological predictive validity of the IGT across species. Hence we investigated the effects of D-amphetamine, GBR12909, and modafinil administration on mouse performance of the IGT. We hypothesized that: (1) C57BL/6 mice would readily learn to choose the less "risky" options; (2) amphetamine would increase the choice of less punishing stimuli (make the mice risk aversive) consistent with effects on rats; and (3) GBR12909 and modafinil would increase risk preference in the IGT similar to patients with BD.
Materials and methods

Mice
Male C57BL/6 N mice (Charles Rivers Laboratories) were trained in the IGT (n021), and were approximately 3 months of age and weighed between 20 and 30 g at the start of the studies. All animals were group housed (maximum of four per cage), maintained in a temperature-controlled vivarium (21± 1°C) on a reversed day-night cycle (lights on at 8.00 PM, off at 8.00 AM), and were tested during the dark phase of the cycle. All mice had ad libitum access to water, were foodrestricted, and maintained at 85 % of their free-feeding weight during the periods of training and testing described below. Mice were brought to the testing area 45 min before testing between 2.00 PM and 5.00 PM. All procedures were approved by the UCSD Institutional Animal Care and Use Committee and the "Principles of laboratory animal care" were followed. The UCSD animal facility meets all federal and state requirements for animal care and was approved by the American Association for Accreditation of Laboratory Animal Care.
Apparatus
Mice were trained and tested in 16 five-hole operant chambers (25×25×25 cm; Med Associates Inc., St. Albans, VT). Each chamber consisted of an array of five square holes (2.5×2.5×2.5 cm) arranged horizontally on a curved wall 2.5 cm above the grid floor. A food delivery magazine (Lafayette Instruments, Lafayette, IN) was on the opposite panel at floor level. The chamber had a house-light near the ceiling and was enclosed in a sound-attenuating box, which was ventilated by a fan that provided a low level of background noise. An infrared camera installed in each chamber enabled the monitoring of performance during training and testing. The animals were trained to respond with a holepoke to an illuminated LED recessed into the holes. Infrared beams, mounted vertically and located 3 mm from the opening of the hole, were used to detect the responses. The food delivery magazine opposite to the middle hole contained a well in which liquid reinforcement utilized in the form of strawberry milkshake (Nesquik® plus non-fat milk, 30 μl) was delivered by a peristaltic pump (Lafayette Instruments, Lafayette, IN). An infrared beam mounted horizontally, 5 mm from the floor and recessed 6 mm into the magazine, was used to detect magazine entries. The control of stimuli and recording of responses were managed by a SmartCtrl Package 8-In/16-Out with additional interfacing by MED-PC for Windows (Med Associates Inc.) using custom programming.
Behavioral handling and training
Prior to training, mice were acclimated to the reinforcer. Training on days 1-3 lasted 10 min and reinforcement was dispensed every 15 s into the magazine well while the magazine was lit. Magazine entry extinguished the magazine light until the next reinforcement delivery. Magazine entries were counted. On day 4, to obtain reinforcement mice had to holepoke in one of the four lit holes opposite the magazine (central hole was never lit; Fig. 1 ). This session was repeated daily (Monday-Friday) until >70 responses were recorded within 30 min for 2 consecutive days. Upon attainment of criterion, mice were trained in this session only on Tuesday and Friday in order to maintain responding while training continued for other mice to avoid overtraining on what is an intermediary stage ).
Rodent Iowa gambling task
For the IGT sessions we utilized the protocol described previously (Young et al. 2011c ). The first 3 days, mice were presented with a forced choice version of the IGT to acquaint the mice with the different reinforcement and punishment schedules associated with each hole, where only one of the four holes was illuminated randomly and after holepoking, the appropriate reinforcement or punishment schedule followed. For both the IGT program as well as for its forced choice version, two different forms were used to counterbalance for possible hole preferences.
After 3 days of forced choice IGT, the mice were moved onto the full IGT lasting 30 min or 100 trials, whichever was completed first. The session began with the magazine being illuminated and each trial was initiated by holepoking then exiting the magazine. An intertrial interval (ITI) of 5 s preceded illumination of the cue array. If the mouse holepoked in any cue hole during this 5 s ITI, a premature response was recorded and did not count as a completed trial, stimuli were not presented, and the house light illuminated for a 5-s time-out period in which all holes were unresponsive ( Table 2 ). The next trial began when the house light was extinguished and the mouse holepoked the magazine. If the mouse withheld from responding during the ITI period, holes 1, 2, 4, and 5 were illuminated. These lights remained lit until the mouse holepoked in one of these holes or until 10 s had passed. Failure to respond in any hole during the light stimuli was registered as an omission.
Omissions did not trigger a time-out period, but rather resulted in the cue lights being extinguished and the magazine being illuminated so that another trial could be started. If the animal did holepoke in one of the four lit holes during the stimulus, a "correct" response and the hole choice were recorded. All cue lights were then extinguished and the mouse rewarded or punished depending on the reward schedule (Table 1) . For rewards, the magazine light was illuminated and delivered the appropriate level of reinforcer. Retrieving the reward initiated the next trial. If a punishment occurred however, no reward was given and a punishing time-out was triggered whereby the light stimulus of the chosen hole flashed at a frequency of 0.5 Hz for the duration of the time-out period, during which all apertures were unresponsive. After the time-out period, the flashing light was extinguished and the magazine light illuminated for a new trial to begin. Repeated holepoke responses were counted as response perseveratives but not punished. Repeated poking in the same hole when rewarded were counted as reward perseveratives and when punished as punishment perseveratives. Finally, the latency to collect rewards (mean reward latency) was also recorded. As to the different response options, data were collected as P1, P2, P3, and P4 responses corresponding to different reward schedules. Responses were measured as a percentage of the total trials completed. Where appropriate due to reduced sample size, data were grouped by advantageous (P1 and P2) and disadvantageous options (P3 and P4) and response options were measured as a percentage of the advantageous choices (P1+P2)/(P1+P2+P3+P4)*100 as described previously (Young et al. 2011c ). Mice were trained continuously on the IGT until they exhibited stable performance after 20 sessions (no main effect of day when analyzed over 4 consecutive days). Because drug and genetic effects on IGT performance can be observed within a session (Young et al. 2011c; Zack and Poulos 2009) , with individual differences in performance interacting with drug effects (Granon et al. 2000) , within-session performance of good and poor performing animals were also analyzed (see statistics).
Drug testing procedure
Each mouse received saline for the 2 training days prior to drug testing to habituate the animals to being injected. In the amphetamine study, mice were given their assigned amphetamine dose (1.0 and 2.5 mg/kg) (Helms et al. 2006; Perry et al. 2009; Wade et al. 2000) or saline on 3 drug testing days with saline days in between, 10 min prior to assessing performance in the IGT (Fig. 2) . After amphetamine testing, a wash-out of 16 days followed until the mice were again stable. For the modafinil study, mice received three different doses of modafinil (16, 32, and 64 mg/kg) (Qu et al. 2008; Waters et al. 2005) or vehicle on 4 drug testing days, again Mice can holepoke among four illuminated holes (P1-P4) during the 10-s stimulus duration to obtain food reward (strawberry milkshake, delivered opposite the holes) or punishment (cue light flashing and all apertures unresponsive for a predetermined period) depending on a predefined schedule (see Table 1 for an example). Each session lasts for 100 trials or 30 min, whichever is completed first. Two options (P1, P2) deliver small rewards and low punishments, ultimately leading to an advantageous outcome, while the other two options (P3, P4) deliver high rewards and high punishments, ultimately leading to disadvantageous final outcome with saline days in between. A wash-out of 9 days followed after modafinil testing. For the last challenge, the animals received three different doses of GBR12909 (9.0, 16.0, and 28.5 mg/kg) (van den Buuse and de Jong 1989; Young et al. 2010a) or saline on 4 drug testing days, with saline days in between. In each study, the range of doses were chosen based on cognitive effects described in the literature, as well as their effects on exploratory behavior we have described previously. Drugs D-Amphetamine sulfate, modafinil, and GBR12909 dihydrochloride were purchased from Sigma Aldrich (St. Louis, MO, USA). D-Amphetamine sulfate was dissolved in saline, GBR12909 dihydrochloride was dissolved in saline after heating (45°C for 60 min), and modafinil was dissolved in vehicle (5 % Tween and 1 % methylcellulose dissolved in saline). Drugs were injected intraperitoneally, with amphetamine at a volume of 5 ml/kg body weight, and modafinil and GBR12909 at a volume of 10 ml/kg due to poor solubility. Freebase drug weights were used in all drug calculations. Drug solutions were prepared just prior to testing.
Statistics
Stable performance was compared using a repeated measure analysis of variance (ANOVA) with days as a within-subject factor. Data obtained were subjected to a repeated measure ANOVA with dose and response option as within-subject factors. To assess within-session performance, sessions were divided into the first and second halves by trials completed (Grottick and Higgins 2002) and analyzed using a repeatedmeasure ANOVA with session half, dose, and response option as within-subject factors. Because different withinsession performances were observed across the group, mice were further separated into good and poor performers using a median split on their learning performance (% advantageous choice session-half 2 − % advantageous choice session-half 1) during saline treatment of each drug study. Subjects with less than 15 responses in a half were excluded from each within-session analysis. Where appropriate, planned comparison paired t-tests were conducted between groups. Pearson r correlation coefficients measured the relationship between risk-taking and motor impulsivity measures in each drug study. Tukey post hoc analyses of statistically significant main or interaction effects were Fig. 2 Timeline of drug testing procedure for amphetamine, modafinil, and GBR12909. Each mouse received saline for 2 training days prior to drug testing to habituate the animals to being injected. Before each drug study, mice were allocated to drug dose or vehicle in randomized order. Following a within-subject design, mice were administered their assigned drug dose or vehicle on 3 (amphetamine) or 4 (modafinil and GBR12909) drug testing days with saline administration training days in between testing performed where applicable. The level of probability for statistical significance was defined at 0.05. All statistics were performed using SPSS (19.0, Chicago, IL, USA).
Results
Baseline performance in the IGT
After 20 days of training on the IGT, the C57BL/6 mice exhibited a stable and significant preference for a response option (F(3,171)03.1, p<0.05; Fig. 3 ), choosing P2 more than P3 and P4 (p<0.05), and tended to choose P2 more than P1 (p<0.1). No significant effect of day was observed for response option or any other measure (F<1, ns).
Experiment 1: the effects of amphetamine on IGT performance
Amphetamine was administered to mice to determine whether this drug would affect their risk-taking behavior in the IGT. Significant main effects of response option were observed (F (3,60)06.4, p<0.01), as was a dose by response-option interaction (F(6,120)03.2, p<0.01; Fig. 4a ). No main effect of dose was observed (F<1, ns). Post hoc analyses revealed that within P1 there was a trend toward 2.5 mg/kg amphetamine inducing more responses than saline (p00.056). Within P2, amphetamine at 2.5 mg/kg resulted in fewer responses than saline (p<0.05), similarly for P3 (p<0.05). Although an increase in response to P4 was observed at the highest dose, this difference was not significant (p>0.1). Significant main effects of amphetamine were observed for trials completed (F(2,40)018.5, p<0.001; Fig. 4c ), punishment perseveratives (F(2,40)04.6, p<0.05; Fig. 4d) , and percentage omissions (F(2,34)021.0, p<0.001; Fig. 4g ). Post hoc analyses revealed that the highest dose of amphetamine reduced trials completed compared to both saline and 1 mg/kg amphetamine (p<0.01). A decrease in punishment perseveratives at both 1 and 2.5 mg/kg amphetamine compared to saline was also observed (p<0.05). Increased percentage omissions was observed at 1 mg/kg amphetamine compared to saline (p<0.05) and at 2.5 mg/kg compared to both saline and 1 mg/kg (p<0.01). No main effects of dose were observed for premature responses (F(2,40) 02.2, p>0.1; Fig. 4b ), reward perseveratives (F<1, ns; Fig. 4e ), or mean reward latencies (F(2,36)01.3, p>0.1; Fig. 4f ).
Within-session risk preference
To determine whether the animals' initial choice strategy was affected by drug, choice preference within the drugchallenged session was examined. Because the highest dose decreased trials completed, we excluded animals given amphetamine at 2.5 mg/kg in this analysis. When performance was split by session half, 1 mg/kg amphetamine significantly increased safe option preference of mice (F(1,12) 06.0, p<0.05; Fig. 5a ). Planned comparisons revealed that 1 mg/ kg amphetamine resulted in a trend to more safe choices compared to saline during the first half (t0−2.1, p<0.1) and significantly more safe choices compared to saline in the second half (t0−2.3, p<0.05). No main effect of session-half or interaction with amphetamine was observed (F<1, ns).
Experiment 2: the effects of GBR12909 on IGT performance
The selective DAT inhibitor GBR12909 was administered to mice to examine its effects on risk-taking behavior. A main effect of response option was observed (F(3,27) 022.5, p< 0.001), with no interaction between response option and drug (F<1, ns; Fig. 6a ).
Significant main effects of GBR12909 were observed for premature responses (F(3,60)011.9, p<0.001; Fig. 6b ), trials completed (F(3,60)033.1, p<0.001; Fig. 6c ), punishment perseveratives (F(3,60) 07.9, p < 0.001; Fig. 6d ), reward perseveratives (F(3,60)04.1, p<0.05; Fig. 6e ), mean reward latencies (F(3,36)03.3, p<0.05; Fig. 6f ), and percentage omissions (F(3,60)038.9, p<0.001; Fig. 6g ). Post hoc analyses revealed that both lower doses (9 and 16 mg/kg) increased premature responding compared to Fig. 3 Baseline choice preference of C57BL/6 mice in the IGT after 20 days of training. Mice (n021) consistently showed a preference for the safe option P2 over options P3 and P4 as indicated by a higher % of responses in P2. Data are shown as the mean ± SEM, *p<0.05 when compared with P3, and P4 saline, while 28.5 mg/kg resulted in fewer premature responses than saline (p<0.05). Decreased trials completed was observed at 28.5 mg/kg compared to saline and all other doses (p<0.001), with similar 28.5 mg/kginduced reductions in punishment perseveratives (p<0.05) and reward perseveratives (p<0.05) compared to saline. Further analyses revealed that the lowest dose (9 mg/kg) decreased the percentage of omissions whereas the highest dose increased percentage omissions compared to saline (p < 0.01). There was a trend toward 9 mg/kg inducing faster mean reward latencies than saline (p<0.1). In contrast, the highest dose resulted in a trend towards inducing slower reward latencies compared to 9 (p<0.1) and 16 mg/kg (p<0.1).
Mice administered 28.5 mg/kg GBR12909 were discarded from this analysis because of their low level of responding. There was a trend towards a main session-half effect (F (1,14)03.1, p<0.1; Fig. 5b ). No main effect of GBR12909 (F(2,28)02.1, ns) nor interaction with session-half (F<1, ns) was observed. Planned comparisons revealed that GBR12909 at 9 mg/kg induced significantly more risky choices during the second half compared to the first (t02.5, p<0.05). Fig. 4 Effects of amphetamine on performance of C57BL/6 mice in the IGT. Amphetamine (1 and 2.5 mg/kg) administration changed choice preference at the highest dose to the lower punishing P1 option (a), did not affect premature responding (b), and significantly decreased trials completed at the highest dose (c). Both doses of amphetamine decreased punishment perseveratives (d), but had no significant effect on reward perseveratives (e). The time animals took to collect their reward was slowed by the highest dose of amphetamine although not significantly (f). At both doses, amphetamine increased the percentage of omitted trials (g). Data are shown as the mean ± SEM, *p< 0.05 when compared with saline, #p<0.1 when compared with saline Fig. 5 Effects of treatments on choice strategy within the testing sessions. Amphetamine at 1 mg/kg resulted in mice selecting significantly more safe options compared to saline when examined across the session (a). GBR12909 at 9 mg/kg increased risky choice preference of mice in the second half of the session compared to the first, but was not significantly different from saline (b). Modafinil at 64 mg/kg decreased risk choice preference in the second half of the session compared to the first half driven by their riskier preference in the first half of the session (c). Reductions in risk preference across the session induced by modafinil were predominantly observed in poor learners. Data are shown as the mean ± SEM, *p<0.05 when compared with saline, #p<0.1 when compared with saline, $p<0.05 when compared with the first sessionhalf Experiment 3: the effects of modafinil on IGT performance
We tested the effects of modafinil on risk-taking behavior in the IGT to determine whether it would have effects similar to GBR12909. For response option, a main effect was observed (F(3,60)021.1, p<0.001), with no dose by response-option interaction (F<1, ns; Fig. 7a ).
Main effects of modafinil were observed for premature responses (F(3,60)023.7, p<0.001; Fig. 7b ), reward perseveratives (F(3,60)04.1, p<0.05; Fig. 7e) , and mean reward latencies (F(3,60)03.5, p<0.05; Fig. 7f ). Post hoc analyses revealed that all doses increased premature responses compared to vehicle (p<0.001), with 32 and 64 mg/kg increasing premature responses more than 16 mg/kg modafinil (p<0.005). Analyses revealed that modafinil induced a decrease in reward perseveratives at 16 mg/kg (p<0.05) and 64 mg/kg (p<0.01) compared to vehicle. A significant decrease in mean reward latency was observed following modafinil administration at 64 mg/kg compared to vehicle (p<0.005), 16 mg/kg (p<0.05), and 32 mg/kg (p<0.1). No main effects of drug were observed for trials completed (F(3,60)01.1, p>0.1; Fig. 7c ), or punishment perseveratives (F(3,60)01.9, p>0.1; Fig. 7d ). Modafinil tended to reduce percentage omissions (F(3,60)02.5, p<0.1; Fig. 7g) , with post hoc analyses revealing that modafinil at 32 mg/kg reduced omissions (p<0.05), while 64 mg/kg tended to reduce omissions (p<0.1) compared to vehicle.
A main effect of session-half (F(1,17)04.9, p<0.05; Fig. 5c ) was observed. No main effect of modafinil or interaction with session-half was observed however (F<1, ns). Post hoc analysis revealed that mice treated with the highest dose of modafinil exhibited more risky choices in the first half of the session compared to the second session-half where they selected more from the safe cues (t0−2.4, p<0.05).
"Poor learners" vs. "good learners"
In a recent human placebo-controlled IGT study it was observed that modafinil increases risky choice in "low-impulsive" gamblers, but decreases risky choice in "highimpulsive" gamblers (Zack and Poulos 2009 ). We separated our subjects' into poor and good learners using a median split on the learning performance of the vehicle-administered mice of the particular drug study (% advantageous choice sessionhalf 2−% advantageous choice session-half 1).
Amphetamine -good/poor learners
We observed a main effect of amphetamine (F(1,11)05.8, p<0.05; Fig. 8a ) and a session-half by poor/good learners interaction (F(1,11)05.1, p<0.05). The good learners (n07) Fig. 6 Effects of GBR12909 on performance of C57BL/6 mice in the IGT. GBR12909 (9, 16, and 28.5 mg/kg) did not impair the animals' choice preference (a). GBR12909 decreased premature responding at the highest dose, while increasing it at the lower doses (b). At the highest dose, GBR12909 decreased the total trials completed (c), as well as punishment (d) and reward perseveratives (e). GBR12909 at the highest dose tended to slow the latency to collect reward compared to 9 and 16 mg/kg while 9 mg/kg tended to speed latencies compared with saline (f). GBR12909 decreased the percentage of omitted trials at the lowest dose but increased it at the highest dose (g). Data are shown as the mean ± SEM; *p<0.05 when compared with saline, #p<0.1 when compared with saline, $p <0.1 when compared with 9 and 16 mg/kg GBR12909 chose significantly more safe options during the second vs. the first half (70 % vs. 64 %) (saline, t0−3.1, p<0.05). During the first half, amphetamine at 1 mg/kg increased safe choices compared to saline (70.0 % vs. 64 %) in the good learners (t0−2.9, p<0.05). No effects of amphetamine were observed in the poor learners (n06).
GBR12909 -good/poor learners
We observed a trend effect of half (F(1,13)03.3, p<0.1; Fig. 8b ) and half by poor/good learners interaction (F (1,13)04.4, p<0.1). Poor learners (n08) chose fewer safe options during the second vs. the first half (84 % vs. 90 %) (saline, t02.6, p<0.05). GBR12909 at 9 mg/kg led to fewer safe choices during the second vs. the first half in the poor learners (82 % vs. 91 %) (t02.9, p<0.05). The good learners (n07) chose significantly more safe options during the second vs. the first half (96 % vs. 92 %) (saline, t0−4.1, p<0.05). During the second half, GBR12909 at 9 mg/kg decreased safe choice preference compared to saline in the good learners (93 % vs. 96 %) (t02.2, p<0.1).
Modafinil -good/poor learners A main effect of half (F(1,16)06.1, p<0.05; Fig. 8c ) and half by poor/good learners interaction (F(1,16) 05.2, p<0.05) and a trend effect of modafinil by half by poor/ good learners interaction (F(3,48)02.4, p<0.1) was observed. Further analyses revealed that the poor learners (n09) chose significantly fewer safe options during the second vs. the first half (90 % vs. 96 %) (saline, t03.6, p< 0.05). All three doses of modafinil induced a trend towards fewer safe choices compared to saline (90 %, 90 %, and 92 % from low to high dose vs. 96 % for saline) during the first half of the session in the poor learners (p<0.1). During the second half however, modafinil at 64 mg/kg led to more safe choices compared to saline (94 % vs. 90 %) in the poor learners (t0−2.8, p<0.05). The good learners (n09) chose significantly more safe options during the second vs. the first half (88 vs. 79 %) (saline, t0−3.6, p<0.05). Modafinil did not affect the choice performance of good learners.
Correlation of impulsivity measures: risk preference and premature responding Analyses revealed that there were individual differences between the animals' performance on different parameters. No correlation (r00.07, p>0.1) was observed between the individual differences on % advantageous choices (risk-taking behavior) and "premature responses" (motoric impulsivity). At effective doses of modafinil (r00.26, p>0.1) and GBR12909 (r 00.19, p > 0.1), still no correlations were Fig. 7 Effects of modafinil on performance of C57BL/6 mice in the IGT. Modafinil (16, 32, and 64 mg/kg) did not affect the animals' overall choice preference (a). Premature responding was significantly increased after administration of modafinil at all doses (b). Modafinil had no effect on the animals' total trials completed (c), nor did it affect punishment perseveratives (d). Mice exhibited less reward perseveratives after treatment with modafinil at both the lowest as well as the highest doses (e), while the latency to collect rewards was significantly decreased by modafinil at the highest dose (f). Modafinil reduced the percentage of omitted trials at the highest doses (g). Data are shown as the mean ± SEM; *p< 0.05 when compared with vehicle, #p<0.1 when compared with vehicle observed. A correlation between % advantageous choices and premature responses was observed for mice during amphetamine administration (r00.47, p<0.05), but this did not pass the Bonferroni correction (p>0.0125).
Discussion
With repeated training, C57BL/6 mice learned to choose the less risky options in the IGT resulting in frequent small rewards and little punishment. Importantly, we observed no correlation between risk choice preference and premature responding, suggesting that these two variables measure two different forms of impulsive behavior, impulsive choice and motoric impulsivity, respectively (Evenden 1999) . Moreover, we have demonstrated that performance in the IGT can be differentially influenced by drugs with similar dopaminergic mechanisms. Administration of the mixed NET/ DAT inhibitor amphetamine resulted in a risk-averse preference with no effect on premature responding. In contrast, the more selective DAT inhibitors GBR12909 and modafinil modestly increased risk preference in the IGT, but only when within-session learning rates were controlled for. Unlike amphetamine, these more selective DAT inhibitors also increased measures of motivation and motor impulsivity.
Amphetamine altered the risk preference of mice in a manner that was consistent with its effect in rats (Zeeb et al. 2009 ), supporting the cross-species translational validity of the rodent IGT. The shift to the more likely rewarded and less risk-prone option P1 indicates a more conservative punishment-averse choice strategy. Zeeb et al. (2009) suggest that amphetamine could make animals hypersensitive to punishments, leading to this increased preference of the small reward/punishment option. This interpretation is supported by amphetamine-induced anxiogenic effects in rodents (Lapin 1993; Onaivi and Martin 1989) . Moreover, Rivalan et al. (2009) observed that punishment-averse strategies in the IGT correlated with risk-averse (high anxiety) behaviors in other rat paradigms such as the light/dark emergence and elevated plus-maze test. In approach/avoidance conflict situations, which engender a tradeoff between risk-taking and anxiety, the anxiogenic effects of amphetamine may result in more avoidance behavior. The effects of amphetamine may depend on dose, strain, the presence of a conditioned stimulus during a delayed reward (Cardinal et al. 2000) , or the specific cost-benefit decisions the animal is faced with (Floresco et al. 2008) . The use of signaled punishing time-outs in the rodent IGT may thus have promoted an amphetamine-induced conservative strategy. In the present studies, we have also examined within-session task performance in an attempt to track the subject's ongoing decision-making behavior as is performed in human IGT testing and as we have presented previously (Young et al. 2011c ). These analyses demonstrated that amphetamine increased the preference for safe options across the whole session. Because the highest dose -tested for comparability with exploratory studies (Perry et al. 2009; Young et al. 2010a ) -also reduced trials completed, decreasing perseveration and increasing omissions, future studies could examine the effects of lower doses to determine whether there is a dose-dependent effect on risk preference. The current data underscore the limited aspects of BD that can be modeled by amphetamine (Silverstone et al. 1998; Young et al. 2011a) , since patients with BD exhibit increased risk preference in the IGT (Adida et al. 2008; Yechiam et al. 2008) , opposite to what was observed here in mice.
In contrast with amphetamine administration to rats in the IGT or five-choice serial reaction time task (5CSRTT) (Harrison Fig. 8 Effects of DAT inhibitor treatments on choice strategy of good and poor IGT learners. Amphetamine significantly increased safe choice preference of the good learners in the first half of trials compared to saline (a). GBR12909 at 9 mg/kg increased risk choice preference of the good learners in the second half compared to saline and of the poor learners in the second half compared to the first half, but not compared to saline (b). All three doses of modafinil increased risk choice preference of the poor learners in the first half compared to saline, while the highest dose increased safe choice preference in the latter half (c). Data are shown as the mean ± SEM, *p<0.05 when compared with saline, #p<0.1 when compared with saline, $p<0.05 when compared with the first session-half Pattij et al. 2007; Zeeb et al. 2009 ), amphetamine administration did not increase premature responding in mice in the IGT. This result may reflect species differences because previous studies in mice have reported an increased although less robust effect of amphetamine on premature responding than in rats (Loos et al. 2010; Yan et al. 2011) . Amphetamine has 5-to 9-fold less potency at the DAT than the norepinephrine transporter (NET) in mice and humans (Han and Gu 2006) , but with greater selectivity to the DAT over NET in rats (Rothman and Baumann 2003) . Given that selective NET inhibition reduces premature responding (Navarra et al. 2008; Paine et al. 2007; Robinson et al. 2008) , while selective DAT inhibition increases premature responding (Loos et al. 2010) , combined NET and DAT inhibition may obfuscate the effect of DAT inhibition alone, supporting this rat/mouse species difference of amphetamine effects.
Selective DAT inhibition with GBR12909 (9 mg/kg) increased risk preference in mice, albeit only in one sessionhalf. Treatment with the highest dose, 28.5 mg/kg, decreased the number of trials and increased omissions consistent with amphetamine at 2.5 mg/kg (reflecting stereotypy; Kelley and Lang 1989) , and supporting similar effects on exploratory behavior in the mouse BPM at these doses (Perry et al. 2009; Young et al. 2010b) . Despite the greater selectivity for the DAT, at a high dose GBR12909 is also likely to inhibit the NET (Heikkila and Manzino 1984) , thus producing amphetaminelike effects such as no increase in premature responding. At low to moderate doses however, GBR12909 induced more premature responses, indicative of motor impulsivity consistent with 5CSRTT studies (Loos et al. 2010 ). GBR12909 at 9 mg/kg also decreased the amount of omitted trials and the time to obtain reward, supporting drug-induced increases in motivation (Robbins 2002) as seen previously in mice in a progressive ratio breakpoint study (PRBS) . This increased motivation could be interpreted as hedonic-like behavior (Flaisher-Grinberg et al. 2009; Gould and Einat 2007) , which would support the use of selective DAT inhibition to model mania since patients with BD mania also exhibit hedonic behavior (Cassidy et al. 2002) . Increased risk preference in the IGT induced by GBR12909, would further support its use as a model of BD (Clark et al. 2001) . The subtlety of the effect observed here limits the possible utility of this model however, given the striking difference between patients with BD and healthy subjects (Adida et al. 2011; Clark et al. 2001) .
Consistent with GBR12909, modafinil induced a subtle increase in risk preference when analyzed across session halves. Effects of modafinil on other IGT measures were also consistent with the effects of GBR12909 at low to moderate doses, supporting the interpretation of a similar underlying DAT inhibitory mechanism of these two drugs (Madras et al. 2006; Volkow et al. 2009 ). In support of DAT inhibitionmediated effects of modafinil, this drug produces the same behavioral effects as GBR12909 in rat activity (Zolkowska et al. 2009 ), the mouse BPM (Young et al. 2010a (Young et al. , 2011b , and in a mouse PRBS . In the human IGT, "low-impulsive" gamblers treated with modafinil chose more risky options compared to placebo, whereas the opposite was observed in "high-impulsive" gamblers within one IGT session (Zack and Poulos 2009 ). When we separated our subjects in a similar manner, we observed that modafinil increased safe choice preference in the poor within-session learners, similar to the human findings. In the good within-session learners, modafinil did not increase safe choice preference. Hence, these data provide some limited support for the pharmacological predictive validity of the rodent IGT for testing in humans.
We recently reported that DAT KD mice chose riskier options than their WT littermates during initial learning of the IGT (session 1) (Young et al. 2011c ). Moreover, DAT KD mice exhibited increased risk preference throughout acquisition of the IGT. Furthermore, DAT KD mice exhibited the same decreased reward latencies and omissions and increased premature responding (Young et al. 2011c ) as was observed after modafinil and low-dose GBR12909 administration to C57BL/ 6 mice. These similar increases in hedonic-like behavior and motor impulsivity support the use of selective pharmacological DAT inhibition in an attempt to model BD mania (Perry et al. 2009; Young et al. 2010a ). The consistent risk preference of DAT KD mice during training contrasts with the subtlety of effects observed with acute DAT inhibition once the task was acquired. Differences may therefore exist between affecting performances during within-session learning vs. once trained (de Visser et al. 2011; Zeeb and Winstanley 2011) , an important aspect for cross-species translational research because the human IGT assesses within-session learning of risk preference.
Modafinil-and GBR12909-induced increases in risk preference were only detected by analysis of changes in performance across the session. Specifically, modafinil induced more risky choices in the first half of the session, while GBR12909 increased the risk preference of the mice during the second half. This disparity in timing of effects may relate to the pharmacokinetics of the two drugs. GBR12909 did not affect exploration in mice for the first 10 min of a BPM session, while modafinil affected several aspects of exploration (Young et al. 2010a (Young et al. , 2011b . Alternatively, these drugs' ability to change choice preference within a session may have been influenced by repeated training in the rodent IGT given that a single session is used in the human version. The GBR12909 study was conducted last in these mice after re-baselining performance (Fig. 2) , which may have reduced the sensitivity of the mice to DAT inhibition on this behavior. Although performance was stable prior to each drug study, the animals gradually increased advantageous choices, from approx. 70 % in study 1 to 90 % in study 3). Thus, repeated testing in this rodent IGT may not provide the best means with which to assess the effects of drug manipulation on risk choice. Future studies will examine the effects of these drugs within an extended single training session to determine whether they affect risk learning behavior within a session. Risk preference learning in rats has been measured in a single session in the rodent IGT without prolonged training (de Visser et al. 2011; Rivalan et al. 2009 ). Experimental effects can differ between these within-and between-session risk learning paradigms. Lesions of the orbitofrontal cortex (OFC) before acquisition in a between-session risk learning rodent IGT led to delayed development of safe choice preference, but with no effect on decision making if lesioned after repeated training (Zeeb and Winstanley 2011) . In a within-session rodent IGT however, lesions of the OFC decreased the amount of good decision-making rats (Rivalan et al. 2011) , highlighting the difference between learned and within-session learning risk behaviors. Future studies in mice will track the ongoing decision process -like the human IGT -in one session in order to develop a robust cross-species translational task and animal models of BD. Besides DAT inhibition, testing the effects of dopamine agonists on IGT performance may further elucidate the role of the dopaminergic system in risk-taking.
In summary, the present data demonstrate that C57BL/6 mice can be trained to perform the IGT. Moreover, this task can discriminate between two different aspects of impulsive behavior, impulsive choice and motor impulsivity. These two behaviors are differentially influenced by very similar drugs that modulate norepinephrine and dopamine levels and are used to model BD. Both modafinil and GBR12909 induced similar increases in motor impulsivity, motivation, and a modest increase in risk-preference, consistent with, but less striking than, those observed in patients with BD mania. Repeated training in the IGT may impede drug-induced risk-taking effects however. The rodent IGT is a novel tool for investigating the genetic and neurobiological basis of risk-taking behavior. With further refinement, it could be used to screen other animal models of neuropsychiatric disorders and test novel treatments.
